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Abstract: Reduction of Cr(VI) by the bacterium, Shewanella oneidensis (previously classified Shewanella pu-

trefaciens strain MR-1), was studied by absorption spectrophotometry and in situ, environmental cell–

transmission electron microscopy (EC-TEM) coupled with electron energy loss spectroscopy (EELS). Bacteria

from rinsed cultures were placed directly in the environmental cell of the transmission electron microscope and

examined under 100 Torr pressure. Bright field EC-TEM images show two distinct populations of S. oneidensis

in incubated cultures containing Cr(VI)O4
2−: those that exhibit low image contrast and heavily precipitate-

encrusted cells exhibiting high image contrast. Several EELS techniques were applied to determine the oxidation

state of Cr associated with encrusted cells. The encrusted cells are shown to contain a reduced form of Cr in

oxidation state +3 or lower. These results demonstrate the capability to determine the chemistry and valence

state of reduction products associated with unfixed, hydrated bacteria in an environmental cell transmission

electron microscope.
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INTRODUCTION

The geochemistry and toxicity of chromium is controlled by

its valence state. Chromium is a redox active 3d transition

metal with a wide range (−2 to +6) of possible oxidation

states, however, only two are stable. Thermodynamic cal-

culations predict hexavalent Cr(VI) is energetically favored

for oxic conditions and trivalent Cr(III) predominates un-

der anoxic or suboxic conditions. Both Cr(VI) and Cr(III)

have been detected in suboxic groundwater (Bartlett and

James, 1988), seawater (Mugo and Orians, 1993), and es-

tuarine water (Cranston and Murray, 1980).

The two stable oxidation states of Cr have markedly

different properties. Chromium(VI) readily binds to oxygen

and therefore can exist as highly soluble chromate (CrO4
2−),

hydrochromate (HCrO4
−), and dichromate (Cr2O7

2−) an-

ions, representing the three main Cr(VI) species in solution.

Their relative distribution is reportedly sensitive to solution

pH (Tandon et al., 1984; Brito et al., 1997). In very acidic
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solutions, two other forms have been detected, Cr3O10
2− and

Cr4O13
2− (Cieslak-Golonka, 1991). Oxo-anionic Cr(VI) spe-

cies have an absorption affinity for certain proton-specific

mineral surfaces, however, adsorption is limited in natural

aqueous systems by competing anions like sulfate (Zachara

et al., 1987). Toxicity to plants and animals is well estab-

lished for Cr(VI) species which act as carcinogens, muta-

gens, and teratogens (see Cieslak-Golonka, 1995). The

structural similarly of CrO4
2− ions to biologically important

inorganic anions, such as SO4
2− and PO4

3−, is likely respon-

sible for its ability to readily transverse cell membranes, via

the sulfate transport system, and be incorporated into cells.

The high mobility (bioavailability) and toxicity of Cr(VI)

make it a particular environmental concern.

In comparison, Cr(III) exists in solution as a cation,

Cr3+(aq), and hydroxo complexes (e.g., Cr(OH)n
(3−n)+). Less

mobile than Cr(VI), Cr(III) has strong affinity for particle

surfaces (Baes and Mesmer, 1976; Holdway, 1988) and

forms low-solubility solid phases such as Cr(OH)3 and (Cr,

Fe)(OH)3 (Rai et al., 1987). Chromium(III) has a low tox-

icity, in part, because its bioavailability is limited by its low

solubility and its tendency to form strong complexes with

organics and hydroxo complexes. Furthermore, as opposed

to Cr(VI), trace amounts of Cr(III) are necessary for normal

development of animals (Hamilton and Wetterhahn, 1987;

Dubois and Belleville, 1991; Katz, 1991).

Hexavalent Cr(VI) can be readily reduced to the triva-

lent state by Fe2+ (Sedlak and Chan, 1997; Pettine et al.,

1998b), S2− (Pettine et al., 1994, 1998a), UV photocatalysts

(see Ku and Jung, 2001), organic compounds (Deng and

Stone, 1996a,b), some wetland plants (Lytle et al., 1998),

and several species of microorganisms (for a review, see

Lovley, 1993). The associated mechanisms of Cr(VI) reduc-

tion are technologically and biologically important because

they convert a toxic, mobile element into a less toxic, im-

mobile form. It is essential to understand these processes

since reduction products, as well as their stability, are depen-

dent on specific redox mechanisms and the environment.

The role of microbiological reduction of Cr(VI) in

natural aqueous systems is receiving progressively more at-

tention as more metal-reducing bacteria are identified. In

aerobic environments, bacteria play the predominant role

in reducing Cr(VI) to Cr(III) (Fendorf et al., 2000). Little is

known about the biochemical or molecular mechanisms

underlying bacterial metal reduction. Conventional trans-

mission electron microscopy (TEM) studies of microbial

reduction of metals have provided some information. How-

ever, they are limited because the techniques of fixation,

dehydration, embedding, and microtoming, necessary to

prepare thin specimens, are known to alter delicate cellular

structures as well as the extracellular polymers excreted by

bacteria. Bacterial extracellular polymeric substances (EPS)

are thought to assist in respiration, surface attachment, and

nutrient uptake, and to provide protection from the envi-

ronment (Vandevivere and Kirchman, 1993; Decho 2000).

Although the composition of these excretions varies with

microorganism and environment, they predominately con-

tain anionic mucopolysaccharides in addition to some pro-

teinaceous materials. There are many chemically active sites

in the net negatively charged, extracellular-polysaccharide

matrix which have been shown to complex inorganic cat-

ions as well as absorb organic molecules (Characklis and

Marshall, 1990). Fixation and dehydration preserve some of

the structure of EPS encapsulated bacteria, but buffer and

organic solvent washes remove extracellular polymers as

well as soluble ions from extracellular and intracellular

sources. Furthermore, dehydration causes extracellular bio-

polymers to collapse into a filamentous, web-like network.

Valuable data on dehydration artifacts related to microor-

ganisms has been provided by environmental scanning elec-

tron microscopy (ESEM) (Little et al., 1991). Environmen-

tal cell (EC) techniques, particularly when coupled with

TEM, are advantageous because unfixed, EPS encapsulated

hydrated bacteria can be examined at high spatial resolu-

tion.

We report preliminary in situ EC-TEM results of our

study on Cr(VI) reduction by Shewanella oneidensis, a

gram-negative, facultative bacterium, capable of respiring

aerobically and anaerobically using a variety of compounds,

including: O2, Fe(III), Mn(IV), NO2
−, NO3

−, SO2, sulfite

(SO3
2−), thiosulfate (S2O3

2−), tetrathionate (S4O6
2−), trimeth-

ylamine N-oxide, fumarate, glycine, U(VI), and Cr(VI) as

terminal electron acceptors (see Myers and Nealson,

1988a,b; Lovley et al., 1991). S. oneidensis, a member of the

g-subclass of Proteobacteria, has been isolated from lascus-

trine and marine environments. This species is of particular

interest because its total genome is currently being se-

quenced by The Institute of Genomic Research in Bethesda,

MD. In this work, S. oneidensis was grown in a synthetic

medium containing CrO4
2− anions. The reduction of Cr(VI)

in these cultures was measured spectrophotometrically us-

ing colorimetric techniques. Microanalysis of individual

bacteria and their associated reduction products was per-

formed by EC-TEM.
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MATERIALS AND METHODS

Bacterial Cultures

The bacteria presently classified as S. oneidensis (Ven-

kateswaran et al., 1999), previously classified Shewanella

putrefaciens strain MR-1 (MacDonell and Colwell, 1985),

and before that classified in a different genus as Alteromonas

putrefaciens (Lee et al., 1977), were isolated from the an-

aerobic zone of Mn-rich sediments in Oneida Lake, NY

(Myers and Nealson, 1988b). The bacteria were initially

grown under aerobic conditions at 30°C for 5 days (spec-

trophotometry study) and 18 to 24 hr (EC-TEM study) in

LB Broth (Difco Laboratories, Detroit, MI) with continuous

agitation. Samples of 5 mL of the initial culture were trans-

ferred to flasks containing 250 mL of an anaerobic growth

medium (adapted from Myers and Nealson, 1988a). The

growth medium consisted of autoclaved dH2O, a salt com-

ponent (9.0 mM (NH4)2SO4, 5.7 mM K2HPO4?3H2O, 3.3

mM KH2PO4, and 2.0 mM NaHCO3), and a trace metal

component (70 µM Na2EDTA?2H2O, 60 µM H3BO3, 10 µM

NaCl, 6 µM FeSO4?7H2O, 5 µM CoCl2?6H2O, 5 µM

Ni(NH4)(SO4)2?6H2O, 4.0 µM Na2MoO4?2H2O, 1.5 µM

Na2SeO4 (anhyd), 1.3 µM MnSO4?H2O, 1.0 µM

ZnSO4?7H2O, and 0.2 µM CuSO4?5H2O). The following

amino acids and vitamins were present in the medium: 10−4

mg-L−1 casamino acids, 10−3 mg-L−1 vitamin B1 (Thia-

mine), 0.02 mg-L−1 L-arginine HCl, 0.02 mg-L−1 L-

glutamic acid, 0.02 mg-L−1 L-glutamine, and 0.04 mg-L−1

L-serine. The following co-factors were present in the me-

dium: 1 mM MgSO4?7H2O and 0.5 mM CaCl2?2H2O. For a

carbon source, the medium contained 18 mM sodium lac-

tate.

In a reduction rate experiment, the culture was purged

with N2 for 20 min with out-gassing to remove dissolved

O2. Cells were treated with antibiotic chloramphenicol (fi-

nal concentration = 100 µg/ml) to stop cell division and

maintain a constant cell population. An electron acceptor,

K2CrO4, was added to the anaerobic medium to introduce

Cr(VI) in the form of 170 µM CrO4
2−. Subsamples were

withdrawn every 5 min and reacted with diphenylcarbazide

reagent in acid solutions. A Hach DR-4000V spectropho-

tometer (Hach Co., Loveland, CO) was then used to deter-

mine Cr(VI) concentration by measuring absorbance at 540

nm by the stoichiometric oxidation products, as described

in Standard Methods for the Examination of Water and

Wastewater (Clesceri et al., 1999).

For the EC-TEM studies, cells were grown anaerobi-

cally in the defined medium with K2CrO4 added to intro-

duce Cr(VI) in the form of 100 µM CrO4
2−. At the onset of

the experiment, the initial pH of the medium was approxi-

mately 6.7. Cultures were incubated at room temperature

on a bench-top stir plate attached to a N2 gas line. At

predetermined intervals, the culture was aseptically sampled

and analyzed for Cr(VI) concentration by a Thermo Spec-

tronic, Spectronic 20 spectrometer (Thermo Spectronic,

Rochester, NY) using the diphenylcarbazide method. An

elevated Cr(VI) concentration was maintained by respiking

the culture with K2CrO4 after 96, 120, 144, 168, 408, 672,

840, 1008, and 1128 hr (Fig. 1). A total of 0.275 moles

K2CrO4 was added to the culture. After 51 days of incuba-

tion, 200 mL of culture were removed from the reactor,

sealed in a test tube, and shipped for EC-TEM examination.

Bacteria were examined 53 days after initial inoculation into

the culture medium. The sample was centrifuged, superna-

tant removed, and the pellet rinsed with distilled water to

remove trace salts. An aliquot containing suspended bacte-

ria was loaded into the EC-specimen holder and examined

under an atmosphere at 100 Torr of air saturated with water

vapor.

Environmental Cell–Transmission
Electron Microscopy

A JEOL JEM-3010 transmission electron microscope (JEOL

USA Inc., Peabody, MA) operating at 300 keV with a LaB6

Figure 1. Chromium(VI) concentration in the Shewanella

oneidensis culture as a function of time measured by colorimetric

assay using spectrophotometry. An elevated Cr(VI) concentration

was maintained by quasi-periodic spiking (indicated by the ar-

rows).
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filament was used in this study. This instrument is equipped

with an energy dispersive X-ray spectroscopy (EDXS) sys-

tem, a Gatan imaging filter (GIF200) (Gatan Inc., Warren-

dale, PA) capable of electron energy loss spectroscopy

(EELS), and a JEOL EC system with interchangeable EC-

specimen holders. Two EC-holders were available: a two-

line gas EC holder and a four-line gas/liquid EC holder (Fig.

2). These holders are connected to the EC system by flex-

ible, stainless steel lines (see Fig. 3). Both in situ holders are

capable of circulating dry or water-saturated gas through

the specimen chamber using two lines for gas circulation.

The gas can be saturated with water vapor by bubbling gas

through a heated water reservoir, enabling the examination

of hydrated specimens. The four-line holder has two addi-

tional lines which can be used to independently inject sev-

eral microliters of two different liquids.

The EC used in this study is of the closed cell type, and

was developed by Dr. Fukami of Nihon University in Japan

(Fukami et al., 1991). Unlike EC systems based on the prin-

ciple of differential pumping, closed-cell EC systems require

no modification to the transmission electron microscope.

Confinement of the pressurized environment within the EC

is achieved with electron-transparent windows. Since the

EC is self-contained within the specimen holder, the trans-

mission electron microscope can still be used for conven-

tional TEM without compromising resolution and analyti-

cal capabilities.

Windows for the EC were fabricated from 15–20-nm

thick amorphous carbon (a-C) films which cover seven hex-

agonally arrayed, 0.15-mm apertures on a 3.5-mm diameter

Cu disk. Prior to use, windowed grids were tested to with-

stand a pressure differential of 250 Torr for 1 min. A com-

puter controls the EC system, facilitating insertion and re-

moval of EC holders from the microscope column without

breaching the delicate windows. The EC was operated at 100

Torr with room air saturated with water vapor circulating

through the cell at a rate of 2 Torr-liter/min. Specimens

were supported on the lower, a-C film window. The micro-

scope was also equipped with conventional single- and

double-tilt specimen holders for conventional TEM.

The following conditions were used for the collection

of EELS spectra under EC-TEM and TEM conditions: an

illumination angle 2a = 4–10 mrad, a collection angle of 2b

= 10.8 mrad, a 2 mm entrance aperture, and an energy

dispersion of 0.1 eV/channel. Low-loss spectra were ac-

quired with an integration time of 0.128 sec and core-loss

spectra between 0.512 and 1.02 sec. For each acquisition, 10

spectra were summed. Spectra were collected in diffraction

mode of the transmission electron microscope (i.e., image

coupling to the EELS spectrometer) and were corrected for

dark current and channel-to-channel gain variation of the

charge coupled device (CCD) detector.

Energy calibration of the core-loss regime and mea-

surement of energy drift during data acquisition were per-

formed by collecting zero-loss spectra before and following

collection of core-loss spectra. The energy of the core-loss

Figure 2. Schematic illustration of the specimen chamber for the

four-line environmental cell (EC) specimen holder used in this

study.

Figure 3. Schematic illustration of the EC control system. TEM,

transmission electron microscopy.
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spectra was calibrated using the average position of the two

zero-loss peaks. The error in the energy calibration corre-

sponded to the energy drift of the zero-loss peaks. In addi-

tion, a C-K edge spectrum was acquired immediately fol-

lowing spectrum collection from the O-K/Cr-L core-loss

regime. The position of the C-K (1s) peak at 284.9 ± 0.1 eV

(arising from transitions to the p* molecular orbital) from

the TEM a-C support film was used to evaluate the energy

calibration. Only sets of spectra whose energy calibration

was consistent with the position of the C-K,p* peak were

used. Either the pre-O-K edge background or the pre-Cr-L

edge background (depending on the analysis to be per-

formed) was subtracted from core-loss spectra using a

power law, and plural inelastic scattering was removed by

Fourier deconvolution methods (e.g., see Egerton, 1996).

Hydrated bacteria were analyzed by EELS through the

EC-holder, while Cr oxidation state standards were ana-

lyzed using conventional TEM holders. Standards were pro-

duced by placing high purity Cr(II)F2, Cr(II)Se, Cr(III)Cl3,

Cr(III)2O3, KCr(III)(SO4)2?12H2O, and K2Cr(VI)O4 pow-

ders directly on Cu TEM grids coated with holey a-C. Once

the standard was prepared, it was immediately examined.

For each standard, 20 individual grains were analyzed by

EELS. Their results were averaged together and the errors

reported for the mean represent the standard error of those

measurements.

RESULTS AND DISCUSSION

Absorption Spectrophotometry of Cultures

The results of comparative spectrophotometry measure-

ments of Cr(VI) reduction by S. oneidensis and a control are

shown in Figure 4. Each data point in Figure 4 represents

the mean of three replicate measurements. The error bar is

the standard error of the mean. No significant Cr(VI) re-

duction is observed for the autoclaved control, illustrating

that abiotic mechanisms can largely be ignored. Consider-

able reduction occurs in growth media inoculated with S.

oneidensis indicating biological processes are the predomi-

nant mechanisms for Cr(VI) reduction in these cultures.

Bacterial reduction of transition metals involves many

poorly understood reactions such as electron transport, an-

ion transport through cellular membranes, anion complex-

ation, and biological redox reactions. Additional factors in-

fluencing bacterial reduction include finite reduction capac-

ity resulting from the termination of metabolic activity due

to Cr(VI) toxicity or mutation arising from DNA damage.

Despite the complexity, the reduction of Cr(VI) by S.

oneidensis follows, to a good approximation, the general,

first-order rate expression −d[Cr(VI)]/dt = k1[Cr(VI)],

where k1 is the rate constant. Therefore, k1, is a useful quan-

tity for comparative characterization of the Cr(VI) reduc-

tion in the cultures. Kinetic models of enzymatic Cr(VI)

reduction based on Monod kinetics, which are more de-

tailed, have been proposed (Wang and Shen, 1997).

Imaging Bacteria by EC-TEM

Examination of S. oneidensis by EC-TEM at 100 Torr, under

a circulation of air saturated with water vapor, shows rod-

shaped morphology typical of this polarly flagellated and

non-spore-forming species (Fig. 5). The micrographs dem-

onstrate that bacterial membranes are intact and do not

show evidence of rupture from partial decompression. Cells

remain plump/hydrated while the EPS retain moisture and

appear as a continuous capsule surrounding the cells. Speci-

men artifacts typical of conventional TEM specimen prepa-

ration are avoided. However, damage to the cells is observed

within minutes of electron-beam exposure. This degrada-

tion can arise from the primary destruction of weak Van der

Waals biomolecular bonds when ionizing energy is trans-

ferred by inelastic electron scattering or from secondary

reactions with irradiation formed free radicals. In this work,

bacteria were examined following reduction of Cr(VI),

therefore, it was not necessary to maintain the bacteria in a

Figure 4. Relative rates of Cr(VI) reduction in S. oneidensis in-

oculated and cell-free, autoclaved growth medium. A colorimetric

assay using spectrophotometry was used to measure Cr(VI) con-

centration. For comparative characterization, both data sets were

least squares fit to an exponential decay function.
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viable state during imaging and irradiation damage was

largely not a concern. However, low-dose techniques have

been successfully applied in EC-TEM studies of Adenosine

Tri-Phosphate (ATP)-induced myosin head movement in

living muscle thick filaments (Sugi et al., 1997).

Direct imaging by EC-TEM reveals two distinct popu-

lations of S. oneidensis in the cultures: bacteria exhibiting

low image contrast (Fig. 5a,c) and bacteria encrusted/

impregnated with electron-dense particles (Fig. 5b,d). Since

the bacteria are not imaged in thin-section, the particles

associated with the high-contrast bacteria could be intra-

cellular, on the outer-cell membrane, or both. The precipi-

tates range in size between 10 and 200 nm, and selected area

diffraction indicates the grains are predominantly amor-

phous in structure. It is clear that there are particles which

encrust the outer-cell membrane as some of these particles

can be seen protruding from the perimeter of the bacteria

(Fig. 5b,d). In comparison, a lower resolution ESEM image

of an S. oneidensis culture is shown in Figure 6. The tech-

nique of ESEM is sensitive to surface topology, suggesting

the features imaged on the bacteria are precipitates encrust-

ing their surface. Particles on the outer cell membrane will

obstruct imaging of intracellular structures by EC-TEM.

Intracellular precipitates may also be present, however, con-

firmation would require examination of the bacteria in ul-

trathin section.

Further examination of the bright field EC-TEM im-

ages of the encrusted bacteria shows that their gram-

negative, cell envelope (consisting of an outer membrane

separated from an inner cytoplasmic membrane by a

periplasmic space containing the peptidoglycan cell wall) is

electron dense (Fig. 5d). This is most clearly evident by the

30–49-nm thick electron-dense layer defining the two-

dimensional, projected perimeter of the bacteria. The cell

envelope appears darkest along the perimeter because this is

where the electron path length is the greatest through the

cell envelope. This increase in contrast over non-encrusted

bacteria, cannot be explained by a partial dehydration ef-

Figure 5. S. oneidensis imaged

in the EC at 100 Torr: bacteria

exhibiting low contrast in

bright field EC-TEM imaging

(a, c), and bacteria

encrusted/impregnated with

electron dense particulates (b,

d). The arrowhead in panel d

points to a low contrast

bacterium in the same field of

view as a bacterium with

electron dense particulates,

illustrating the dramatic

contrast difference. The

low-contrast, diffuse

background, best seen in panel

a, represents the extracellular

polymeric substances that

surround the cells.
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fect, i.e., more mass at the cell envelope than in the interior

of the cell. Bacteria deposited on an a-C coated TEM grid

and examined under high vacuum of the TEM show rup-

tured membranes and obvious dehydration damage, how-

ever, the cell envelopes of non-encrusted cells produce very

low image contrast as compared to encrusted bacteria.

Therefore, the increase in contrast indicates that the cell

envelope is saturated with absorbed elements of heavy mass,

for instance Cr. It is possible that cell envelope is electron

dense because of the presence of bound Ca, however, only

those bacteria encrusted with precipitates (shown Cr-rich in

the next section) exhibit electron dense cell envelopes.

Therefore, the binding of heavy elements in the cell enve-

lope appears associated with Cr reduction.

Bioaccumulation of precipitates by bacteria has been

shown in previous conventional TEM studies. A consor-

tium of sulfate-reducing bacteria, cultured in an anaerobic

medium containing Cr(VI) ions, accumulated Cr-rich

amorphous precipitates presumably on the bacterial sur-

faces (Fude et al., 1994). Similarly, an Aeromonas sp. be-

came electron-dense after removing Cr(VI) (originally in

form of CrO4
2−) from culture media (Hill and Cowley,

1986). In that work, it was inferred that reduced chromium

accumulated as intracellular electron-dense bodies. Elec-

tron-dense particles were also associated with Pseudomonas

aeruginosa after cell incubation in a CrO4
2− containing me-

dium (Marques et al., 1982). Evidence that precipitates were

intracellular was suggested by the inability to remove the

precipitates from the cells by washing with 1 mM ethylene

diamine tetra-acetic acid (EDTA) adjusted to pH 2 with

H2SO4. For prokaryotic (such as bacteria) and eukaryotic

cells, Cr(VI) can pass through the cellular membrane and

reduce to Cr(III) in the cytoplasm. Eukaryotic cells can

additionally reduce Cr(VI) in mitochondria and nuclei

(Ohtake et al., 1990). Trivalent Cr(III) is impermeable to

biological membranes so that Cr(III) generated inside the

cell binds to protein and interacts with nucleic acids. Un-

fortunately, no oxidation state measurements were per-

formed in any of the previous conventional TEM studies. In

those studies, the electron-dense particulates associated

with the cells were assumed to be products of Cr bioreduc-

tion.

Chemical Analysis of Bacteria by EELS

In this work, the chemistry and oxidation state of the par-

ticulates associated with S. oneidensis were analyzed by EC-

TEM using EELS. Techniques using EELS were developed to

determine the oxidation state of transition metal atoms at

high spatial resolution (e.g., see Krishnan, 1990; Paterson

and Krivanek, 1990; Cressey et al., 1993; van Aken et al.,

1998) and have been applied to produce maps of oxidation

state using energy filtered imaging (Wang et al., 1999). Ba-

sically, these techniques compare the differences in fine

structure of L2,3 absorption edges of metals in standards of

known oxidation state. The L2,3 absorption edges are pro-

duced predominately by excited electron dipole transitions

between the core 2p3/2 and 2p1/2 spin-orbit split levels to

unoccupied d levels. Two edges arise from transitions from

the 2p1/2(j = 1/2) state (producing the L2 edge) and transi-

tions from the 2p3/2(j = 3/2) state (producing the L3 edge).

The parameter j is total angular momentum equal to the

sum of the spin quantum number, s, and orbital angular

momentum, l. Spectra of different 3dn (or 4dn) configura-

tions differ and can be used to identify the valency (related

to the number of holes in the d level) of a transition metal.

For example, tetrahedral Cr(VI) has an empty d orbital (3d0

configuration) and octahedral Cr(III) has a 3d3 configura-

tion. Dipole selection rules (in particular, Dl = ±1) restrict

transitions from the L-shell core 2s1/2 level to only the p

state. Consequently, an L1 edge is produced by 2s1/2(j = 1/2)

transitions to the 3p state, but this edge is of little use to

oxidation state determination because there are few unfilled

p states in the conduction band of transition metals. Fur-

Figure 6. S. oneidensis imaged by environmental scanning elec-

tron microscopy (ESEM) at 4.0 Torr. The specimen is uncoated

and imaged in a hydrated state by an ElectroScan Model E3 en-

vironmental scanning electron microscope (FEI, Hillsboro, OR)

operating at 20 keV.
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thermore, L1 edges have broad-weak peaks because p states

are usually filled and are more spread out in energy than d

states. Consequently, L1 edges are often masked by the L2,3

post-edge structure.

The fine structure of L2,3 lines is very sensitive to the

local electronic structure of a metal atom and consequently

to the valence state, in addition to atom coordination, spin-

orbit interactions, and crystal field splitting. Atomic cou-

lomb repulsion and exchange effects are also important.

Spectra can vary in the position, shape, and relative inten-

sity of the L2,3 absorption edges. Techniques used to deter-

mine mixed/single valence states involve analysis of the fol-

lowing: (a) the position of the L2,3 absorption edges, which

depends on the screening of the nuclear field of a metal

atom by the presence of valence-electron charge; absorption

edges generally shift to higher energy with increased oxida-

tion state (see Table 1); (b) the ratio of the I(L3)/I(L2)

integrated-peak intensity (henceforth abbreviated L3/L2)

which depends on the number of electrons in the final (4d

or 4f) state; white-line ratios generally decrease with in-

creased oxidation state (e.g., van Aken et al., 1998); and (c)

least squares fits of summed spectra of standards or calcu-

lations to the shape of L2,3 absorption edges (e.g., Cressey et

al., 1993). Furthermore, the total L2,3 absorption edge (or

white line) intensity, normalized to the post L-edge con-

tinuum, has been used to determine the d-electron occu-

pancies in transition metals (e.g., Pearson et al., 1993).

However, L3/L2 peak ratios have been shown to be more

sensitive to valence state than the normalized white line

intensities by energy-filtered imaging (Wang et al., 1999).

Two EELS techniques are applied to provide informa-

tion on oxidation state of Cr associated with hydrated and

EPS encapsulated bacteria examined in the EC. Oxidation

state is determined by chemical shift of L2,3 edges and the

ratio of L3/L2, integrated-peak intensities. In the first tech-

nique, L3 edges are more suitable for measuring chemical

shift than L2 edges because their intrinsic line widths are

narrower and better defined. The extra broadening of the L2

threshold peak results from the shorter lifetime of the as-

sociated p1/2 excited state, a consequence of the Heisenberg

uncertainty principle. The p1/2 state can decay by an extra

Coster-Kronig Auger decay channel in which an electron

can fall back to a p3/2 hole with the simultaneous ejection of

a d electron. This channel is not available for the excited

state associated with the L3 edge (e.g., see Zaanen and Sa-

watzky, 1986). Hence, the lifetimes of L2 peaks are shorter

than L3 peaks.

The chemical shift technique is more straightforward,

and provided energy calibrations are correctly done, previ-

ously published results on well-characterized standards can

be readily used. However, this technique cannot be used for

quantitative determination of mixed oxidation states be-

cause the shift in absorption edges is small (e.g., ≈2 eV

between Cr(VI) and Cr(III)) in comparison to typical peak

widths (i.e., EELS resolution). On the other hand, the L3/L2

intensity ratio technique can be quantitatively applied to

materials with mixed oxidation states. However, it is sensi-

tive to analysis conditions such as the subtraction of back-

ground intensity due to transitions to unoccupied states in

the continuum, as well as peak integration widths. These

details can vary among researchers. Since it is necessary to

analyze standards and unknowns using identical proce-

dures, published L3/L2 peak ratio results are of limited use.

An example of an EC-TEM image of S. oneidensis en-

crusted with electron dense precipitates is shown in Figure

7 along with EELS low-loss and core-loss spectra from the

bacterium. Analysis of the L-edge spectra by EELS requires

significantly higher electron doses than during imaging. In

some cases, the cell envelope is ruptured during analysis

with potential mass loss. Nevertheless, if an element is de-

tected it certainly must be associated with the bacteria, par-

ticularly when absent in the surrounding medium.

Spectra collected in the EC can contain large plural

scattering effects that Fourier deconvolution might not

completely remove due to finite collection angle of elec-

trons. Although, plural scattering broadens core-loss fea-

tures above threshold, the core-loss intensity immediately

above threshold represents only single scattering events.

Plural scattering will not displace ionization thresholds, and

threshold peaks will not shift significantly. Core-edge signal

will increase linearly with thickness, however, plural scat-

tering will cause the continuum background to increase at

a greater rate (Egerton et al., 1991). Additionally, plural

scattering will cause edge signal to decrease from subse-

quent plasmon scattering of core-loss electrons. Therefore,

plural scattering will reduce the visibility of an edge and the

edge jump ratio, (S+B)/B, where S is the signal and B is the

background. Nonetheless, if the edge is visible with a de-

fined peak, the chemical shift of L-edges can be accurately

measured. However, measurement of L3/L2 peak ratios are

dependent on the jump ratio and accurate background sub-

traction. In the presence of plural scattering, larger relative

errors in the measurements of L3/L2 peak ratios would re-

sult in comparison to measurements of peak positions.

In the EELS spectrum of S. oneidensis (Fig. 7b), a strong

O-K edge signal produced by O 1s transitions is observed in
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Table 1. Cr-L3 (2p3/2) and Cr-L2 (2p1/2) Adsorption-Edges: XPS Binding Energies and EELS L-Edge Peak Positions

Compound Formal valence Cr-L3 (2p3/2) (eV) Cr-L2 (2p1/2) (eV) Technique Reference

Cr 0 573.8 583.0 XPS Allen et al., 1976

574.1 XPS Moffat et al., 1995

574.1 583.5 XPS Asami and Hashimoto, 1977

574.3a 582.8a EELS Fink et al., 1985a

576.5 ± 1.0 585.0 ± 1.0 EELS Leapman et al., 1982b

CrP 0 574.2 XPS Moffat et al., 1995

Cr(CO)6 0 577.6 586.3 XPS Allen et al., 1976

CrF2 II 574.2 ± 0.1 583.5 ± 0.1 EELS This study

CrSe II 574.2 ± 0.1 583.1 ± 0.1 EELS This study

CrCl3 III 574.9 ± 0.1 583.4 ± 0.1 EELS This study

576.4 587.4 XPS Allen et al., 1976

CuCrO2 III 576.4 ± 0.2 586.2 ± 0.2 XPS Allen et al., 1973,c 1976

NaCrO2 III 577.0 ± 0.2 586.9 ± 0.2 XPS Allen et al., 1973,c 1976

Cr2O3 III 575.9 ± 0.1 584.3 ± 0.1 EELS This study

576.5 586.0 XPS Asami and Hashimoto, 1977

576.6–576.8 XPS Moffat et al., 1995

576.8 ± 0.2 586.2 ± 0.2 XPS Allen et al., 1973,c 1976

576.8 584.8 EELS Krivanek and Paterson, 1990

576.8 586.7 XPS Ikemoto et al., 1976

577.9 ± 1.0 585.8 ± 1.0 EELS Leapman et al., 1982b

FeCr2O4 III 576.0 584.0 XPS Kendelewicz et al., 1999

KCr(SO4)2?12H2O III 576.0 ± 0.1 584.5 ± 0.1 EELS This study

581.0 590.5 XPS Allen et al., 1973,c 1976

LaCrO3 III 576.1 ± 0.09 585.8 ± 0.05 XPS Konno et al., 1992

LiCrO2 III 577.0 ± 0.2 586.8 ± 0.2 XPS Allen et al., 1973,c 1976

CrOOH III 577.0 586.9 XPS Ikemoto et al., 1976

Cr(OH)3?0.4H2O III 577.0 586.4 XPS Asami and Hashimoto, 1977

577.1 XPS Moffat et al., 1995

CrP III 577.4 XPS Moffat et al., 1995

CrCl3?6H2O III 577.5 XPS Moffat et al., 1995

CrPO4 III 577.8 XPS Moffat et al., 1995

CrBO3 III 578.0 XPS Moffat et al., 1995

Cr2(SO4)?15H2O III 578.6 XPS Moffat et al., 1995

CrO2 IV 576.3 586.0 XPS Ikemoto et al., 1976

LaCrO4 V 578.8 ± 0.21 588.0 ± 0.22 XPS Konno et al., 1992

CrO3 VI 578.3 ± 0.2 587.0 ± 0.02 XPS Allen et al., 1973b

579.1 588.3 XPS Asami and Hashimoto, 1977

CaCrO4 VI 578.9 ± 0.2 588.1 ± 0.2 XPS Allen et al., 1973,c 1976

BaCrO4 VI 579.1 ± 0.2 588.4 ± 0.2 XPS Allen et al., 1973,c 1976

K2Cr2O7 VI 579.4 ± 0.2 588.8 ± 0.2 XPS Allen et al., 1973,c 1976

579.8 589.1 XPS Ikemoto et al., 1976

Na2Cr2O7 VI 579.4 ± 0.2 588.5 ± 0.2 XPS Allen et al., 1973,c 1976

Rb2Cr2O7 VI 579.4 ± 0.2 588.7 ± 0.2 XPS Allen et al., 1973,c 1976

Cs2Cr2O7 VI 579.5 ± 0.2 588.7 ± 0.2 XPS Allen et al., 1973,c 1976

SrCrO4 VI 579.6 ± 0.2 588.6 ± 0.2 XPS Allen et al., 1973,c 1976

K2CrO4 VI 578.6 ± 0.1 587.2 ± 0.1 EELS This study

579.6 ± 0.2 588.9 ± 0.2 XPS Allen et al., 1973,c 1976

PbCrO4 VI 578.6 587.2 XPS Kendelewicz et al., 1999

580.9 587.8–589.5 EELS Brydson et al., 1993

Cs2CrO4 VI 579.8 ± 0.2 588.8 ± 0.2 XPS Allen et al., 1973,c 1976

Li2CrO4 VI 579.8 ± 0.2 589.0 ± 0.2 XPS Allen et al., 1973,c 1976

Na2CrO4 VI 579.8 ± 0.2 589.1 ± 0.2 XPS Allen et al., 1973,c 1976

aAs reported in reference as binding energies.
bElectron energy loss spectroscopy (EELS) L-edge onsets quoted in reference, however L-peak positions are shown here.
cAfter recalibrating the X-ray photoelectron spectroscopy (XPS), Au 4f7/2 line to 84.0 eV from 82.8 eV.



the core-loss regime at 537.1 ± 0.5 eV arising from H2O in

the hydrated bacterium and its extracellular substances. A

less intense feature at 529.2 ± 0.5 eV can be attributed to

oxygen 2p hybridization with the Cr 3d band. The broad

feature at 558 eV can be attributed to plural (O-K core-loss

plus plasmon) scattering. However, the low-loss spectrum

illustrates that multiple scattering is not severe. The total

thickness traversed by the electron beam, estimated by the

log-ratio technique (e.g., see Egerton, 1996), is 1.13 l,

where l is the mean free path for inelastic scattering

through the EC windows and specimen. The low-loss spec-

trum also exhibits a sharp feature at 13.2 eV that is only

observed in EELS spectra collected in the EC. It is consistent

with the K-edge of hydrogen (Geiger and Schmoranzer,

1969). Similar EELS edges at 13 eV have also been observed

in frozen-hydrated specimens: cryosectioned liver and cryo-

sectioned 6-molar glycerol solution containing 6% bovine

serum albumin (Leapman and Sun, 1995). These energy

loss edges were observed concurrently with electron-beam-

induced bubble formation and were attributed to hydrogen

formation presumably arising from reactions of radiolysis-

formed free radicals with organic molecules. In that work,

bubble formation was only observed in pure ice at much

higher electron doses, suggesting in the absence of organic

molecules there was a higher probability for recombination

of hydrogen and hydroxyl radicals.

Clearly visible in the core-loss spectrum (Fig. 7) are

Cr-L2,3 edges, confirming the presence of Cr and suggesting

the precipitates are Cr-rich. A comparison of core-loss

spectrum from S. oneidensis and Cr standards of known

oxidation state is shown in Figure 8. The spectrum of

KCr(SO4)2?12H2O exhibits a peak at 535.7 eV similar to the

stronger feature observed in the spectrum from hydrated S.

oneidensis, and likely corresponds to H2O bound in the

structure. The L2,3 lines for the standards show a systematic

chemical shift and variation in relative intensity with oxi-

dation state. In addition, the L2,3 lines of the K2CrO4 peaks

appear asymmetric because each is split into two separate

peaks separated by ∼ 2eV.

Measurement of the L3 peak positions is straightfor-

ward and the results for the Cr-standards are shown in

Figure 9 and are summarized in Table 1. Table 1 includes

published L2,3 peak positions from previous EELS studies as

well as core-level (or inner-shell) binding energies mea-

sured from X-ray photoelectron spectroscopy (XPS) stud-

ies. In XPS, a bulk specimen is illuminated with monochro-

matic X-rays and the kinetic energies of ejected photoelec-

trons are measured. In comparison, EELS measures the

energy loss of electrons that travel through a specimen. The

EELS edge onset, the sudden rise in intensity preceding each

of the L2,3 peaks, represents the ionization threshold which

approximately corresponds to the inner-shell binding en-

Figure 7. S. oneidensis in the EC at 100 Torr. a: Cell is encrusted/

impregnated with electron dense particulates. b: EC-TEM electron

energy loss spectroscopy (EELS) spectrum from the bacterium

demonstrates the presence of Cr. Both the low-loss spectrum con-

taining the zero-loss peak (ZLP) and the core-loss spectrum of the

O-K and Cr-L absorption edges are shown. The ZLP represents

electrons that have undergone elastic and quasi-elastic (mainly

phonon) interactions. Its full width at half maximum is a measure

of the instrumental resolution, which under these EC-TEM con-

ditions is ≈1 eV. The top abscissa corresponds to the low-loss

spectrum and the bottom abscissa corresponds to the core-loss

spectrum.
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ergy. The difference in chemical shift measured by EELS

and XPS for oxides has been suggested to be on the order of

the band-gap energy (Leapman et al., 1982). Furthermore, it

has been argued that many-body relaxation effects, where

nearby electron orbitals are pulled towards a core hole, may

be less in EELS than in XPS (Egerton, 1996). This could

contribute to differences in spectra measured by the two

techniques. However, Table 1 shows that the scatter in the

reported EELS measurements fall within that of XPS mea-

surements. The EELS core-loss spectrum from S. oneidensis

(Figs. 7, 8) has a relatively strong Cr-L3 peak at 575.7 ± 0.5

eV (together with its associated Cr-L2 peak at 584.5 ± 0.5

eV). The Cr-L3 peak is consistent with a highly reduced

form of Cr with oxidation state +3 or lower (see Table 1).

To measure Cr oxidation state using the ratio of L3/L2

integrated-peak intensities, two methods of background

subtraction were used. The first method, illustrated in Fig-

ure 10, is similar to the double step function used by Pear-

son et al. (1993). In this method, the Cr-L3 pre-absorption

edge was fit to a power law and subtracted. A linear func-

tion was then fit to the Cr-L2 post-edge region over a 20 eV

window (extending from 600 to 620 eV). Typically, back-

ground windows are chosen between 50–100 eV because

smaller windows are susceptible to plural scattering effects.

However, there were insufficient channels in the data to use

a larger window since the O-K edge region was included.

The fitted background was extrapolated into the L2 thresh-

old region. A linear step function was inserted at the L2

maximum and a straight line (of the same slope as that

fitted to the Cr-L2 post-edge region) was extrapolated into

the L3 threshold. A second step function was inserted at the

L3 maximum and set to zero below the L3 maximum. The

ratio for the step heights was set at 2:1, consistent with the

multiplicity of the initial states, that of four 2p3/2 electrons

Figure 8. A comparison of the core-loss EELS spectra of encrusted

S. oneidensis in the EC at 100 Torr and Cr standards of known

oxidation state. Spectra were normalized to the intensity of the L3

peak and offset from one another. The spectra shown for the Cr

standards represent the sum of the 20 individual spectra acquired.

The error bars shown for S. oneidensis represent the error in energy

loss calibration for that spectrum only. For the errors associated

with the other spectra, see Table 1.

Figure 9. The measured L3 peak positions for the Cr oxidation-

state standards. The error bars for the data points represent the

measured drift in the EELS spectrometer during acquisition. The

bar represents the mean of the measured values. The Roman nu-

merals along the abscissa indicate the formal valence state of Cr in

the standard.
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and two 2p1/2 electrons. It should be noted that the ratios of

L3 to L2 intensities do not follow the expected 2:1 ratio for

early 3d transition metals (Leapman and Grunes, 1980).

These anomalous ratios can be partially explained by atomic

multiplet effects producing overlapping transitions from

2p3/2 and 2p1/2 states (Zaanen et al., 1985). Nonetheless, an

approximation of 2:1 is sufficient for this work.

Although the first subtraction method approximates

the decreasing background, the fit of Cr-L2 post-edge region

was often affected by a broad post-edge feature, containing

plural scattering effects not completely removed from the

spectra. The post-edge feature varied with each spectrum,

introducing scatter in the L3/L2 peak ratio measurements.

To provide a more consistent background subtraction for

all spectra, a second method using a flat, two-step function

was applied. As before, the Cr-L3 pre-absorption edge was

fit to a power-law and subtracted. A linear function of slope

zero was fit to a 2-eV-wide window immediately following

the Cr-L2 peak prior to the post-edge feature. The fitted

background was extrapolated into the L2 threshold region.

A linear step function was inserted at the L2 maximum and

a straight line was extrapolated into the L3 threshold. A

second step function was inserted at the L3 maximum and

set to zero below the L3 maximum. The ratio of the step

heights was set to 2:1, as before.

Once the background was subtracted using either of the

two methods, the Cr-L peaks were integrated over a 5-eV

window. The L3/L2 peak ratios for the Cr-standards are

shown in Figure 11 and summarized in Table 2. The flat,

two-step background subtraction method yielded lower val-

ues, however, less relative scatter in the data. The core-loss

spectra for K2CrO4 exhibited almost no post-L2-edge fea-

Figure 10. Core-loss EELS spectrum for K2CrO4 illustrating the

background subtraction used in method I. The step function (bold

line) used to subtract the background from the L2,3 edges and the

areas integrated to yield peak intensities (shaded regions) are

shown. The fitting parameters a, b, s, and m are: the L3 maximum,

the L2 maximum, the slope of the linear function fitted to the 20

eV post-L2-edge region (600–620 eV), and the intercept of the

linear function. The parameter m8 is given by m8 = (2m − as)/3.

Figure 11. The measured L3/L2 integrated-peak intensity ratios

for the Cr oxidation-state standards: background subtraction

method I (a), and background subtraction method II (b). The bar

represents the mean of the measured values. There is no straight-

forward method to determine experimental errors for the indi-

vidual measurements, so none are reported. The Roman numerals

along the abscissa indicate the formal valence state of Cr in the

standard.
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tures and this may account for the close similarity in L3/L2

peak ratios determined using the two background subtrac-

tion methods. In comparison, the L3/L2 peak ratio mea-

sured for the precipitates associated with S. oneidensis, 2.75

± 0.30 (background method I) and 1.90 ± 0.30 (background

method II), is consistent with a Cr oxidation state of +3 or

lower.

The correlation between measured L3/L2 integrated-

peak intensity ratios and L3 peak positions for the Cr oxi-

dation-state standards is shown in Figure 12. Measurements

of the standards demonstrate that Cr oxidation states fall

within well-separated regions in the correlation plot.

Within a given oxidation state, spectra for the individual

standards fall within separate groupings reflecting possible

differences in atom coordination, spin-orbit interactions,

and crystal field splitting. The correlation plot indicates that

reduced Cr associated with S. oneidensis is most consistent

with oxidation state +3.

Strong direct evidence indicating that the bacteria are

the active sites of Cr(VI) reduction is provided by the EELS

spectra. Measurements of both the chemical shift in L3 peak

position and the ratio of L3/L2 integrated-peak intensities of

encrusted bacteria indicate the presence of Cr in oxidation

state +3 or lower. The population of S. oneidensis which

exhibits low contrast in bright field imaging in the EC (see

Figs. 5a,c) might correspond to younger generations of bac-

teria which grew in a detoxified environment having much

lower CrO4
2− ion concentrations than present during previ-

ous generations. Furthermore, this population could con-

tain mutants resistant to Cr(VI) toxicity. Mutations can

arise from DNA damage by cellular interactions with

Cr(VI) in their parent cells. Chromosomal mutations which

inhibit transport of Cr(VI) are believed to be responsible for

Cr(VI) resistance (Cervantes and Silver, 1992). Loss of the

Cr(VI) transport function by mutant cells could inhibit

Cr(VI) reduction, and consequently, bioaccumulation of

reduction products.

SUMMARY

The biological reduction of Cr(VI) by the facultative anaer-

obe Shewanella oneidensis was examined. In situ EC-TEM

was used to observe hydrated bacteria sampled from 51-day

cultures (examined by EC-TEM after 53 days of initial in-

oculation of culture). Chemical and oxidation state infor-

Table 2. Cr-L Adsorption Edge Ratios

Compound Formal valence

L3/L2 for two background subtraction methods

Method I, Pearson et al. (1993) Method II, flat two-step

CrF2 II 2.97 ± 0.07 2.37 ± 0.03

CrSe II 2.60 ± 0.06 2.04 ± 0.02

CrCl3 III 1.75 ± 0.03 1.68 ± 0.01

Cr2O3 III 1.81 ± 0.01 1.70 ± 0.01

KCr(SO4)2?12H2O III 1.77 ± 0.02 1.60 ± 0.01

K2CrO4 VI 1.42 ± 0.01 1.44 ± 0.01

Figure 12. The correlation between measured L3/L2 integrated-

peak intensity ratios and L3 peak positions for the Cr oxidation-

state standards. The plotted L3/L2 ratios were determined using

background subtraction method II. The different Cr oxidation

states fall within separate regions in the plot and are labeled II, III,

and VI. The solid data points represent the mean of the data for a

particular Cr standard. The open circle with error bars represents

the measurement of encrusted S. oneidensis.
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mation was acquired with high spatial resolution using

EELS. Two distinct populations were observed: bacteria that

exhibit low image contrast and bacteria that are encrusted

with precipitates (containing Cr of oxidation state +3 or

lower) that formed as products of microbial Cr(VI) reduc-

tion. Microanalysis suggests that S. oneidensis can sequester

Cr(VI) from its environment by reduction to insoluble

forms. These results demonstrate the capability to deter-

mine the valence state of Cr in association with hydrated

bacteria in an environmental cell transmission electron mi-

croscope.
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